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論 文 内 容 要 旨          
  Recently observed discrepancies between CFD and measured data at high enthalpy conditions in high enthalpy shock tunnel 
HIEST are numerically examined toward realization of reliable aerothermodynamic prediction of space vehicles in this study.      
When a space vehicle enters into the planetary atmosphere, strong detached shock wave is formed around the vehicle. The 
flow temperature behind the detached shock wave becomes so high that the real gas effects such as vibrational excitation, 
dissociation, or ionization become significant. Accurate simulation such real gas effects using measured data and CFD is very 
important for reliable aerothermodynamic predictions. As a facility of ground test which can generate high enthalpy flow 
comparable to flight conditions, free-piston shock tunnels have been developed. In order to reproduce the real flight conditions, 
it is necessary to match enthalpy and binary scaling parameter (ρ L) with the flight conditions. Experimental test models in the 
ground tests are smaller than real flight vehicles and stagnation pressure must be larger. However, the stagnation pressure 
exceeds the design limit of hypersonic wind tunnels. In order to overcome such issue, Stalker proposed a concept of the 
free-piston shock tunnel in the early 1960s, and developed free-piston shock tunnels named T3 and T4 in the University of 
Queensland in the late 1980. Hornung in Caltech developed T5 which is larger than T3 and T4 in the early 1990. DLR also 
developed High Enthalpy shock tunnel G¨ottingen (HEG) in 1990s. Also in Japan, high enthalpy shock tunnel (HIEST) which 
is a free piston shock tunnel was developed at the JAXA Kakuda space center in 1990s. HIEST was developed to obtain the 
aerothermodynamic data of HOPE-X which is a reusable launch vehicle planned by NAL and NASDA. Due to demands of 
high reliable aerothermodynamic predictions in high enthalpy conditions for payload capacity, many improvements have been 
achieved to generate high enthalpy conditions in HIEST, and HIEST has been the largest shock tunnels and been able to 
generate the highest conditions than other shock tunnels. Therefore, the integrated research in higher enthalpy conditions using 
the HIEST data and CFD is very useful for reliable aerothermodynamic predictions. However, three discrepancies between 
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HIEST data and CFD were recently observed.: 1) Abnormal heat flux augmentation phenomena, 2) Overestimation of 
computed surface pressure on a blunt nosed cone and 3) Discrepancy of heat flux on back shell of a capsule test model with a 
diamond roughness. The objectives of our study is to clarify the cause of these discrepancies, and some corrections methods, 
where possible, are proposed toward realization of further reliable aerothermodynamic prediction using HIEST at high 
enthalpy conditions. 
In this thesis, the content consists of five chapters. In Chapter 1, backgrounds and previous studies are introduced. In 
Chapter 2, the mechanism of the abnormal heat flux augmentation phenomena is examined. In Chapter 3, the cause of the 
overestimation of the computed surface pressure over blunt nosed cone in high enthalpy condition is explored. In Chapter 4, 
discrepancy of heat flux on back shell of a capsule test model with a diamond roughness is examined. Lastly, Chapter 5 
concludes this study. 
  First, the mechanism of unexpected heat flux augmentation over blunt bodies in HIEST is numerically examined. This 
abnormal heat flux augmentation becomes significant for higher enthalpy conditions and large radius model. Although other 
shock tunnels seem to commonly observe this abnormal heat flux, the cause of the abnormal heat flux augmentation has not 
been clearly determined yet. In previous work, the effects of augmentation caused by the turbulence and surface catalysis were 
examined. Calculated convective heat flux can reach the experimental values when fully turbulent flow or the super catalytic 
wall is assumed. However, the distribution of heat flux could not be reproduced. In the HIEST experiments, the abnormal heat 
flux augmentation is larger than the one in other facilities since the enthalpy conditions are relatively higher and larger radius 
test model can be used. Therefore, the data in the HIEST experiments are useful for examining the cause of abnormal heat flux 
augmentation. We focused on the two radiative heating mechanisms. A three-dimensional thermochemical non-equilibrium 
CFD code including radiation transport calculation in the shock layer is developed to consider the following effects: Radiative 
heating from high temperature air species in the shock layer, and radiative heating from impurities such as carbon soot and 
metal particulates believed to be involved in the upstream test gas. Calculations are performed at the stagnation enthalpy and 
the stagnation pressure from 7 to 21 MJ/kg and 31 to 55 MPa, respectively. It is confirmed that radiative heat flux from air 
species in the shock layer is too small to explain heat flux augmentation. On the other hand, radiative heat flux from impurities 
evaluated at the averaged shock layer temperature with an emissivity coefficient, 0.132σ(Tvave)4 is found to reproduce the 
measured heat flux augmentation fairy well. An emissivity coefficient of is proposed for the correction of surface heat flux over 
wind tunnel models placed in the test section of HIEST. The reason why the abnormal heat flux augmentation became 
significant for higher enthalpy conditions and large radius model in HIEST can be also explained by the radiative heat flux 
from impurities. For higher enthalpy conditions, the averaged temperature in the shock layer becomes high and radiative heat 
flux from impurities becomes higher as a function of T4. For larger radius model, convective heat flux becomes lower than one 
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for small radius model and the ratio between abnormal heat flux and convective heat flux is small. 
Next, a cause of an overestimation of the computed surface pressure over a blunt nosed cone in HIEST is explored. The test 
model was 15-deg sphere-cone model with a nose radius of 50 mm and four different stagnation enthalpies (H0 = 3.8, 8.0, 10.1 
and 15.6 MJ/kg) were chosen. The cause of this discrepancy remains to be explained. In previous work, the flowfield 
calculation using several chemical reaction rates and temperature models were conducted. However, the effect of such models 
on the surface pressure was small. To find out the key factor in such overestimation, we have conducted the sensitivity analysis 
of various parameters which are used in the computation.  An axi-symmetric thermochemical nonequilibrium CFD code with 
the uncertainty quantification is developed. The sensitivity analysis reveals that a reduction of the upstream translational 
temperature in the range of 100 to 300 K substantially improves the agreement of the surface pressure with the measured data. 
As a cause of the lower upstream translational temperature, radiative cooling effect is included in the thermochemical 
nonequilibrium calculation in the nozzle. It is found that the translational temperature at the nozzle exit is reduced about 250 K 
for the computed case. Using the obtained flow variables as the upstream boundary condition, the computed surface pressure 
agrees quite well with the experimental data. In order to clarify whether other variables such as translational-vibrational 
relaxation time, chemical reaction rates, and upstream chemical composition could be the cause of the discrepancy, sensitivity 
analysis is conducted. It is shown that all of these modeling parameters have minor effect on the agreement of surface pressure. 
It is concluded that the observed discrepancy in the surface pressure is due to radiative cooling effect of high temperature gas in 
the nozzle region, which is not accounted for in the characterization of upstream flow conditions of HIEST.  
Finally, the discrepancy of heat flux on back shell of the HTV-R test model with roughness is examined. When space 
vehicles that enter into the Earth atmosphere from the low-earth orbit, the convective heat flux becomes dominant which can 
be critically enhanced if the boundary layer becomes turbulent. For a lower velocity return from the ISS, significant ablation is 
not expected, and boundary layer transition is likely to be induced by distributed isolated roughness associated with heat-shield 
step and gap tolerances or surface irregularities. It is very important to estimate the fully turbulent heat flux by the roughness 
induced transition for the TPS designs. In previous work, measurements of aerothermal heating on heat-shield of capsules with 
roughness induced transition have been conducted in hypersonic wind tunnels and shock tunnels, and computed profile using 
RANS such as Baldwin-Lomax and Spalart-Allmaras have shown good agreement with experiments for the attached flow. In 
the HIEST, the aeroheating measurements on the back shell of the HTV-R test model have conducted. HTV-R is a manned 
space capsule for returning astronauts from the ISS under consideration in Japan. It was found that the measured heat flux on 
the back shell of HTV-R became higher than computed profile1using RANS. In order to identify the cause of this discrepancy, 
a higher order CFD code which can account for unsteady turbulent flow motion in hypersonic flow is developed. It is shown 
that vortical flows of a certain scale behind the diamond shaped roughness substantially increase the surface heat flux. The time 
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averaged heat flux behind the roughness agrees fairy well with the experimental data. It is found that the heating mechanism 
behind the roughness is due, not to turbulence but to the counter-rotating vortex tube. 
In this study, we reveal the causes of recently observed discrepancy between CFD and experiments. Following knowledge is 
obtained. 1) To predict accurate heat flux on heat-shield in high enthalpy conditions of HIEST, the heat flux should be corrected 
by 0.132σ(Tvave)4 for large test model. 2) It is recommended to account for radiative cooling effect in computing the freestream 
condition of HIEST at high enthalpy conditions in order to predict the accurate aerodynamic characteristics. 3) The aerothermal 
measurements on back shell with the diamond roughness might be not enough accurate to predict fully turbulent heat flux. For 
safe design of TPS on back shell, more improved roughness which can generate more unsteady flow is needed. The knowledge 
can lead reliable aerothermodynamic predictions in high enthalpy conditions. 
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